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Abstract 
In this work, we investigate the temperature dependence of the upper critical field, dHc2/dT, in an 
increasingly disordered NdFeAsO0.7F0.3 (NdFeAs(O,F)) single crystal that has been progressively 
irradiated up to a 5.25×1016/cm2 total -particle dose. For H||ab-plane, dHc2/dT does not vary 
remarkably with irradiation, while for H//c-axis it increases sharply after the first irradiation of 
3.60×1015/cm2 and then more gradually with further irradiation doses. Focusing on H||c-axis, we 
develop a phenomenological analysis of the Hc2 slope which allows to inspect the crossover from 
the clean to the dirty regime. From the Hc2 slope normalized to the critical temperature and to its 
clean limit value, we extract the ratio of the coherence length BCS to the mean free path  and we 
find that when the Tc is reduced by a factor of 4 from its pristine value, BCS/ becomes as large as 
7 and  reaches values ~1.8 nm, indicating that NdFeAs(O,F) is well into the dirty regime. Our 
analysis of the Hc2 slope also allows to compare the pair-breaking effectiveness of scattering in 
different superconductors, showing that it is comparable in NdFeAs(O,F) and in  moderate-
temperature phonon-mediated superconductors such as MgB2 and A15 compounds, but much 
stronger in YBa2Cu3O7-. This work thus shows that dHc2/dT is a figure of merit, alternative to the 




The 2008 discovery of high temperature superconductivity in iron pnictides by the Hosono’s group 
1 has offered an exceptional chance to investigate and decipher the mysteries still hidden in this 
phenomenon. Unconventional superconductivity, of which iron pnictides and cuprates are among 
the most interesting examples, refers to systems where the Cooper pairs are not bound together by 
phonon-exchange but instead by exchange of a different kind, e. g. spin fluctuations. Signatures of 
unconventional superconductivity are small Fermi temperatures, superconductivity forming out of a 
non-Fermi liquid normal state with significant quantum critical fluctuations, existence of a 
pseudogap, different order parameter symmetries, and a sensitivity of the superconductor properties 
to impurities 2. 
Among all the Fe-based compounds, iron oxypnictides REFeAsO (where RE=La, Ce, Pr, Nd, Sm, 
Eu, and Gd, etc) of the so called 1111 family share similar properties with cuprate superconductors. 
They exhibit a layered structure and a tetragonal P4/nmm space group, with a stacking series 
(ReO)-(FeAs)-(ReO) along the c-axis. FeAs are the conducting layers, like CuO2 in cuprates, 
whereas ReO act as blocking layers. In the parent compounds Fe orders antiferromagnetically as Cu 
does in cuprates. As a consequence of these similarities, the superconducting properties exhibit 
similar characteristics. Oxypnictides exhibit the highest critical temperature Tc among the iron 
based superconductors, reaching 58 K in SmFeAs(F,O) 3 (without external pressure). Upper critical 
fields are extremely high 4 , 5 , 6  and anisotropic 7 , 8 , 9 . The shape of the resistive transition is 
significantly broadened by the magnetic field 5,7,9, which is reminiscent of the behaviour of the 
high-Tc cuprates. 0dHc2/dT close to Tc are around -10 T/K and -2 T/K for H parallel and 
perpendicular to the ab-plane, respectively7,8,910 and are slightly larger than those reported for the 
YBa2Cu3O7- (YBCO) family
 11,12,13. The Hc2 anisotropy are ~7-5 close to Tc 
7,8,9,14 and then are 
found to slightly decrease with declining temperature. These anisotropy values, representative of the 
optimally doped compounds, are on average similar to those reported for the YBCO family and 
much lower than those of the Bi-based compounds. Going from the optimally doped to the 
underdoped regime, Hc2 progressively decreases in F doped SmFeAsO compounds 
15, whereas in 
cuprates it systematically increases16 . This discrepancy may reflect the different nature of the 
ground state of the parent compounds in pnictides and cuprates; the former being uncompensated 
metals while the latter are Mott insulators. The large Hc2 values are a consequence of short 
coherence lengths both in cuprates and in pnictides. We report low temperature limits of the 
coherence length in the ab plane, ab(0), and along the c-axis,c(0), in Table I. Clearly they turn out 
to be very similar in NdFeAsO and YBCO. In the case of cuprates it was argued that these small 
values could prevent the crossover from clean to dirty limit, which occurs when the mean free path 
becomes smaller than the coherence length 17. Reaching the dirty limit has important implications in 
the superconducting properties, both beneficially and detrimentally, as Hc2 is enhanced due to the 
decrease of the effective Ginzburg-Landau coherence length, GL, but at the same time Tc is 
progressively suppressed due to pair-breaking impurity scattering in the dirty limit. These aspects 
have been extensively investigated in disordered cuprate superconductors 17,18,19,20. 
Besides the implication of the crossover from clean to the dirty limits on the superconducting 
properties, the relationship between pair-breaking impurity scattering and Tc suppression is a 
fundamental one. This has been addressed in a number of momentous theoretical works, starting in 
the late fifties 21,22,23,24,25. It is well known that Tc is insensitive to non-magnetic impurity scattering 
in a single band isotropic s-wave superconductor, as long as disorder does not affect appreciably the 
density of states 21,22, whereas magnetic impurity scattering suppresses Tc according to the 
Abrikosov-Gor’kov law 26,27,28. On the other hand, superconductors with different gap symmetries 
or anisotropic gap 29 may be extremely sensitive even to non-magnetic impurities. Representative 
examples thereof are the odd order parameter superconductors, such as d-wave high Tc cuprates 
22 
and s wave iron pnictides 30. Moreover, in multigap superconductors, even with s-wave symmetry, 
a sizeable Tc suppression by non-magnetic interband scattering is predicted by theory in analogy to 
the case of anisotropic superconductors 24, and this behaviour is indeed observed in MgB2 
31,32.  
Within this variegated scenario with several unknown microscopic parameters and unavoidable 
simplifying assumptions necessary to extract parameters from the experimental data 33 , the 
theoretical prediction of the rate of Tc suppression and its comparison with experiments is not 
straightforward, and it critically depends on gap structure, type of scattering defects, inter- to 
intraband scattering ratio, multiband parameters 33, 34.  
Irradiation with energetic particles (electrons, protons, neutrons, low power α-particles and heavy 
ions) is an effective way to systematically introduce defects and study the relationship between 
impurity scattering and Tc suppression, with minimal impact on material parameters such as 
chemical potential and band structure. Different types of defects are produced in iron pnictides by 
irradiation with increasing particle mass and energy, from point-like Frenkel pairs, to cluster of 
point-like defects, to columnar tracks 35. 
In this paper we address the relationship between impurity scattering and superconducting 
properties in an increasingly -particle irradiated oxypnicide NdFeAsO0.7F0.3 (NdFeAs(O,F)) single 
crystal, initially in the clean limit and eventually reaching the dirty limit. We investigate whether 
the analysis of the slope of the upper critical field, dHc2/dT, can be used as a tool to evaluate the 
role of impurity scattering on the superconducting properties, as an alternative to the more usual 
analyses of residual resistivity, which presents some limitations. On the other hand, similarly to the 
analysis of residual resistivity, also the analysis of the slope of the upper critical field in oxypnicide 
superconductors should require taking into account the multiband character, the wave-function 
symmetry and the type of impurity scattering potential. In facts, in multiband superconductors the 
extraction of a single scattering rate from experiments (as done in the analyses of residual 
resistivity) is a simplifying assumption that does not actually provide the relevant pair-breaking 
scattering rate, which is the interband component of the scattering rate. However, this multiband 
framework should rely on a large number of fitting parameters, which could be hardly determined 
univocally, even in the fortunate case that complete Hc2 curves from Tc to low temperatures are 
available. Hence, herewith we explore the possibility of carrying out a simplified effective 
phenomenological analysis that assesses the overall effect of disorder on superconducting 
properties, parametrized by the mean free path, and also allows direct comparison between different 
superconductors. We can thereby discuss our results in comparison with the cases of YBCO, and 
also with reference to conventional superconductors interesting for applications, such as MgB2 and 
A15 compounds.  
 
Table I: Coherence length values in the ab plane, ab(0), and along c-axis, c(0), as estimated from the Hc2 slope close 
Tc in oxypnictides of different families and in cuprates, namely YBCO and Bi2Sr2CaCu2Ox (BSCCO) 36. 
 NdFeAs(O,F) Ba(FeCo)2As2 Fe(Se,Te) YBCO BSCCO 
ab (nm) 2.1 2.9 1.5 2.1-2.3 2.7-3.2 




 The -particle irradiation was performed on a NdFeAsO0.7F0.3 single crystal 
37, where Pt 
contacts for resistivity and Hall measurements were prepared by the focused ion-beam. The 
thickness of the sample was about 1 m, the distance between the voltage contacts was ~13 m and 
Tc before irradiation was 46.4 K (estimated at the 90% of the extrapolated normal state resistance). 
The -particle irradiation was carried out with a 2 MeV 4He2+ ion beam from a Tandem accelerator 
at 300 K. The sample was irradiated in 14 steps up to a total dose of 5.25×1016/cm2. The 
magnetoresistence as functions of temperature was measured up to 9 T after each irradiation step 
using a Quantum Design Physical Property Measurement System. Simulations using the Stopping 
and Range of Ions in Matter-2008 software show that the mean free path of 4He2+ ions in 
NdFeAsO0.7F0.3 is about 4.2 m, which ensures uniform radiation damage throughout the sample 
thickness. The collisions occur mainly on the Nd, Fe and As sites, while the effect on O/F sites is 
minor. 
 
Experimental results  
Figure 1 shows the resistivity curves (T) after each irradiation step. In the inset, the Hall resistance 
RH curves measured for a subset of irradiation doses are also shown. Tc decreases monotonically 
after each irradiation step without significant broadening of the resistivity transition. 
Superconductivity is completely suppressed after an accumulated dose of 5.25×1016/cm2. The 
normal state resistivity progressively increases after each irradiation dose with a significant upturn 
developing at low T. The logarithmic trend of low T resistivity as a function of temperature was 
attributed to Kondo effect due to magnetic scattering with uncompensated moment of displaced Fe 
and Nd atoms 37.  
 








































Figure 1: resisitvity (main panel) and hall resistance (inset) measured in the pristine sample (black curve) and at 
different irradiation levels. Increasing irradiation dose  is indicated by the arrows. The same color legend identifying 
the dose level is maintained in the main panel and inset. 
 
 
Magnetoresistance was measured after each irradiation step, with the magnetic field applied parallel 
and perpendicular to the c-axis. The results obtained after the fourth irradiation step are reported in 
Figure 2. The resistive transitions are shifted to lower temperature with increasing field, without 
significant broadening in comparison with those observed in the crystal before irradiation 5. The 
reduced vortex dissipation in applied magnetic field could be partly due to the lower Tc and to the 
increased pinning as a consequences of irradiation.  
 
Figure 2: resistance measured after the fourth irradiation step in magnetic fields up to 9 T, applied parallel (left) and 
perpendicular (right) to the c-axis. The selected data are typical and represent any irradiation step. 
 
The Hc2 values are estimated at the 90% of the normal state resistance, taking into account the 
normal state logarithmic behavior. The values calculated after each irradiation step for H parallel to 
the c-axis and to the ab-plane are reported in Figure 3(a) and (b), respectively. The Hc2 curves shift 
towards low temperature with a slight steady change of slope with increasing irradiation. Similar 
behaviour of nearly parallel Hc2 curves was observed in a neutron irradiated LaFeAs(O,F) 






































polycrystalline sample 38 , first heavily irradiated in order to suppress completely Tc and then 
annealed to heal the damages of irradiation. The slopes dHc2/dT are evaluated by a linear fit of 
Hc2(T) curves, excluding the low field (H<1T) data that exhibit an upward curvature, while error 
bars on these values are estimated by further linear fitting of the same data, either excluding a larger 
range of low field data points (H<2T) or including all data points. These slopes 0dHc2/dT are 
plotted versus Tc, evaluated at the 90% of the normal state resistance, in Figure 4. The slopes of our 
pristine sample are -7.3 T/K and -1.3 T/K for H//ab-plane and H//c-axis, respectively. For H||ab-
plane, the Hc2 slope changes smoothly and weakly with irradiation, whereas for H||c-axis the slope 
increases more visibly after the first irradiation step and then it increases mildly in further steps. 
Indeed the anisotropy Hc2 defined as the ratio of H||ab to H||c, drops from 5.6 to 3.1 after the first 
dose and then smoothly decreases and it becomes about 2.4 when Tc is about to be completely 
suppressed (see inset of Figure 4). This behaviour is rather unusual for irradiated anisotropic 
superconductors, where strong disorder suppressing Tc increases the coherence length GL, which 
becomes eventually much larger than lattice parameters. In these conditions, the anisotropic 
superconductor moves towards the isotropic limit. For example, in MgB2, irradiation progressively 
suppress the Hc2 anisotropy down to unity 
39. In the following we focus our analysis on the dHc2/dT 
values for the field direction H||c-axis. 
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Figure 3: Hc2 curves measured after each irradiation step with H parallel (left) and perpendicular (right) to the c-axis.  
 
 











































Phenomenological background: the effect of impurity scattering on Hc2 
We aim to compare the dependence of Hc2 slope and Tc on the irradiation defects in NdFeAs(O,F) 
with that observed on other technical superconductors, namely YBCO, MgB2 and Nb3Sn in order to 
assess the tendency to reach the dirty limit and the robustness to disorder. These superconductors 
have deeply different nature in terms of conventional versus unconventional pairing, isotropic 
versus anisotropic superconducting properties, multiband versus single band behavior. In each case, 
suitable theoretical frameworks have been developed to take into account these aspects, yet a 
simplified scenario describing the overall effect of disorder on superconducting properties could 
allow direct comparison between these different superconductors. In this section we summarize 
some relevant equations that describe the dependence of Hc2 slope and Tc on disorder and propose a 
set of phenomenological effective equations by which we can analyze and compare the 
experimental data measured on different superconductors. 
 
Starting from the clean limit, with increasing scattering from defects, the upper critical field Hc2 









dT/dH   1
22
         (1) 
Indeed, in the absence of scattering, the clean limit slope of the upper critical field, dHc2/dT, is 
determined by the quantity Tc/vF
*2 42 , 43 , where for a strong-coupled superconductor 
vF
*2=(vF/(1+))
2 is the Fermi surface-averaged squared Fermi velocity, renormalized by the 
coupling constant , and , the strong coupling correction factor for the upper critical field, 
representing the ratio of the strong-coupling pair-breaking to the corresponding weak-coupling BCS 
counterpart 41,44 ,45. According to eq. (1), with increasing scattering, the clean limit dHc2/dT is 
corrected by an additional term proportional to tr, the transport coupling constant, which increases 












          (2) 
where  is the Planck constant, kB the Boltzmann constant, BCS=0.18v*/kBTc the zero temperature 
limit of the BCS coherence length. In the above expression, *=(1+) and vF
*=vF/(1+) are the 
renormalized scattering time and Fermi velocity. We define the reduced Hc2 slope, eq. (1) divided 











2          (3) 
As long as defects do not affect the electronic structure appreciably, the variation of /vF
*2 with 


















be assumed (here the 0 subscript in Hc2 and Tc indicates the pristine clean limit values). Thus eqs. 
































2     (4) 
Eq. (4) provides a convenient way to inspect the clean to dirty limit crossover on the 
superconductor properties by analyzing the behavior of the reduced Hc2 slope normalized to its 
pristine clean limit value. Indeed, the normalized Hc2 slope is expected to remain virtually constant 
and equal to its clean limit dHc20/dT as long as BCS/<<1, while it should increase in magnitude 
with decreasing mean free path as the BCS/ ratio becomes comparable or larger than unity. 
 
The quantity tr also measures the rate of Tc suppression by pair-breaking. Indeed different models 
which consider odd symmetry order parameter, anisotropic gap superconductors and multiband 
superconductors 22,29,33, for low disorder and small Tc suppression tr<<1 (or Tc>>/(2kB)) 22,29, 









0            (5) 
where Tc0 is the pristine clean limit value of the transition temperature and  is a numeric parameter 
proportional to the pair-breaking effectiveness of scattering by impurities. 








 8820110          (6) 






21  enhancement and Tc 




















2         (7.a) 
  trcc TT 10           (7.b) 
The quantities dHc2/dT and Tc are both easily measurable in our experiment and can be used to 
extract the parameter  defined by eq. (5), whose value is a measure of the Tc suppression rate by 
scattering. Specifically, the slope of the linear regime at low disorder in the plot of: 
     1
11





















cc         (8) 
gives directly the  parameter. 
 
We finally note that the quantity tr is related to the dimensionless pair-breaking parameter g 
usually introduced to measure the pair breaking effect 24,47. This pair-breaking parameter is defined 
as 04 cBTk/g  , where =1/ is the scattering rate. Considering that BCS=0.18v
*/kBTc and 














































1. Analysis of Hc2 slope with increasing disorder 
1.a. Comparison between different superconductors 
We start our analysis by considering the behavior of the upper critical field in NdFeAs(O,F) with 
increasing disorder, in comparison with other superconductors. In particular, we consider data from 
literature on electron irradiated YBCO films 19, -particle and neutron irradiated MgB2 films 
39,48 
and ion irradiated Nb3Sn films 
49. In MgB2 the multigap/multiband behavior is pretty marked, due 
to the peculiarly different nature of the  or the  bands in terms of symmetry, anisotropy, coupling 
with phonons, and sign of charge carriers. As a consequence, in MgB2 Hc2 is mainly related to the 
parameters of either the  or the  band, depending on the dirty or clean limit and on the 
temperature range 50,51. Thus, for this case, a tailored multi-band data analysis is required. Yet, in 
the following, we disregard this aspect and compare the overall trends of Hc2 in the different 
superconductors. Also the different types of irradiation used for the data collected and compared in 
this section - electrons, neutrons, -particles and ions - produce different types of defects. The 
particle mass and energy determine the attenuation length and the recoil energy, which in turns may 
result in either uniformly distributed point defects or additional correlated disorder and external 
defects such as clusters and cascades of point defects and even, in the extreme case, columnar tracks. 
MeV-range electron irradiation is characterized by long attenuation lengths on the scale of the 
sample size and small recoil energy, thus producing point defects in the form of vacancy-interstitial 
(Frenkel) pairs 35. On the other hand, heavier particles such as protons, neutrons and α-particles 
generate also correlated disorder 52. Specifically, such particles mainly generate uniform point-like 
defects by collisions on atomic sites along their path, while larger size defects with inhomogeneous 
distribution are produced at the end of their range 53. For 2 MeV α-particles, as those used in this 
experiment, a range longer than the sample thickness has been evaluated, which ensures uniform 
irradiation damage throughout the sample, caused by collisions on the Nd, Fe and As sites, with 
minor effect on O/F sites. In our analysis we focus on the effect of disorder on Hc2, which is mainly 
sensitive to the point-like disorder that limits the mean free path, regardless the additional presence 
of correlated disorder. Hence we compare the different data sets on an equal footing. 
In the left panel of Figure 5, we plot the Hc2 slope versus increasing disorder, measured by the ratio 
Tc0/Tc. According to eq. (1), since with increasing disorder tr as a consequence of the decreasing 
mean free path , Tc decreases (see eq.(5)) and the non-monotonic behavior of dHc2/dT is 
determined at low levels of disorder by the increased tr, followed by a decrease at higher levels of 
disorder where the effect of the Tc suppression becomes dominant. If we divide dHc2/dT by the 
respective Tc, we can focus on just the increase of Hc2 slope due the decrease of the mean free path, 
as indeed can be observed in the right panel of Figure 5. However, we must not forget that with 
increasing disorder, the density of states may be significantly altered from its pristine value, as 
widely observed and modelled in the case of A15 compounds 45,54,55,56, yielding an additional 
decrease of the Hc2 slope at high disorder. Indeed, in Nb3Sn, for an almost completely suppressed Tc 
from its pristine value, a decrease of the density of states by 30% has been estimated 55. Also for 
MgB2 a 20% reduction in the density of states by this mechanism is proposed to almost completely 
eliminate the Tc 
57,58. On the other hand, in the cases of NdFeAs(O,F) and YBCO, it is reasonable to 
assume that any effect of suppression of the density of states by disorder is mild, due to the 
smoother features of the density of states as a function of energy close to the Fermi level in 
NdFeAs(O,F) 59 and YBCO 60.when compared to A15 compounds and MgB2.  
 
      




































































































Figure 5: 0dHc2/dT (top) and (0dHc2/dT)/Tc (bottom) as a function of increasing disorder measured by the ratio Tc0/Tc 
for our -particle irradiated NdFeAs(O,F) crystal compared to the same quantity measured in electron irradiated YBCO 
films 19, -particle and neutron irradiated MgB2 films 39,48 and ion irradiated Nb3Sn films 49. In the inset of the top panel, 
0dHc2/dT is plotted versus the product of resistivity and density of states for data points in the heavily dirty limit 
(Tc0/Tc=4, that is Tc=0.25Tc0, indicated by a vertical dashed line in the main panel). In the inset of the bottom panel, the 
(0dHc2/dT)/Tc is plotted versus the inverse squared Fermi velocity for data points close to the clean limit (Tc0/Tc=1.1, 
that is Tc=0.9Tc0, indicated by a vertical dashed line in the main panel). The symbol legend is common to both panels 




As for the comparison of the magnitude of Hc2 slope in different superconductors, we note that, in 



















   for   1tr       (10) 
where  is the low temperature normal-state residual resistivity and N*=N(1+) is the renormalized 
density of electronic states at the Fermi level EF 
61, possibly affected by disorder. Eq. (10) is 
























where n is the carrier concentration and m the carrier effective mass. Hence, if we consider the dirty 
limit data points (Tc0/Tc4, or equivalently Tc0.25Tc0) in the left panel of Figure 5, as well as the 
respective resistivity values taken from each reference, the calculated densities of states N 
45,41,55,58,59,60,62,63,64, the coupling constants  41,55,64,65,66 and the strong coupling corrections factors  
41,67,68,69 taken from the literature, as reported in Table II, we find a proportionality relationship 
between |dHc2/dT| and the product N
*, as demonstrated in the inset of the left panel of Figure 5. 
A further check on the comparison of the magnitude of Hc2 slope in different superconductors can 
be carried out on the data of dHc2/dT normalized to Tc (right panel of Figure 5), considering the low 
disorder limit (tr<<1), where eq. (3) yields: 












        (11) 
Hence, if we consider data points close to the clean limit (Tc0/Tc1.1, or equivalently Tc0.9Tc0) in 
the right panel of Figure 5, as well as Fermi velocity values taken from literature and reported in 






21  and 2*vF , as 
demonstrated in the inset therein.  
Given the approximated character of eqs. (1), (10) and (11), the large uncertainty on the estimation 
of Fermi velocity, coupling constant, strong coupling corrections factors and density of states values, 




F vv  , the proportionality plots shown 
in the two insets of Figure 5, representing the dirty and clean limits respectively, are remarkable.  
 
 
Table II: Parameters of different superconducting compounds: clean limit transition temperature Tc0, density of states, 
Fermi velocity, coupling constants, strong coupling correction factors, low temperature normal-state residual resistivity 
for a sample with Tc=0.25Tc0, slopes of the upper critical field for samples with Tc=0.25Tc0, slopes of the upper critical 









































775 [37, this 
work] 
3.28 [this work] 
0.051 [this 
work] 






























110 [49,58] 1.94 [49,58] 0.19 [49,58] 
(i) The density of states and Fermi velocity data are calculated for LaFeAsO (La-1111) rather than NdFeAs(O,F), but it 
has been shown that all REFeAsO (RE=rare earth) exhibit pretty similar band structures 75. The average Fermi velocity 
of holes and electrons bands of La-1111 is considered. Also the coupling constant extracted from optical measurements 
is for La-1111. 
(ii) This value of Fermi velocity for YBCO is extracted from experiments (angle resolved photoemission spectroscopy), 
hence it represents vF*=vF/(1+), rather than the bare vF as for all the other theoretical estimations reported in this Table. 
(iii) An average value between calculated Fermi velocities and coupling constants of  and  bands is used here. For the 
coupling correction factor we assume 1, as MgB2 is well described in the BCS framework. On the other hand, by 
taking an average value of the two gaps 76, 1 is indeed obtained.  
(iv) For Nb3Sn, the density of states predicted for a disordered sample having resistivity 100 cm and Tc=0.25 Tc0 is 
considered here, because it is known that in A15 compounds the density of states is suppressed by disorder  56,58.  
 
 
1.b. Crossover from the clean to the dirty limit 
The above phenomenological laws correctly describe the trend in dHc2/dT for different 
superconductors in both the dirty and clean limits, indicating that the Hc2 analysis is a reliable tool 
to investigate the effect of disorder, once material specific parameters related to electronic band 
structure and coupling are taken into account. Hence, in the following we go further in the analysis 
of our irradiated NdFeAs(O,F) sample, to extract quantitative information on the mean free path and 
coherence length. 
We start our analysis by using eq. (4). In Figure 6, we plot the reduced dHc2/dT normalized to its 
clean limit value versus Tc/Tc0. As Tc departs from Tc0, the data points depart from unity and the 
amount of this departure is just a measure of tr=0.882 BCS/, going from the clean to the dirty limit 
(right to left in Figure 6). It is seen that, as Tc is reduced to 85% of its pristine value, the mean free 
path becomes equal to BCS, BCS/1, and, as Tc is further reduced to 25% of its pristine value,  
becomes almost 7 times smaller than BCS, which is indicative of being deep in the dirty limit. For 
comparison, data measured in electron irradiated YBCO films taken from ref. 19 are also plotted in 
the same graph. In this plot, we limit our comparison to YBCO, because in the case of MgB2 the 
multiband nature influences dramatically the behavior of dHc2/dT as a function of both temperature 
and disorder, while in the A15 compounds the suppression of the density of states contributes to the 
behavior of the dHc2/dT together with the decrease in the mean free path. Remarkably, it can be 
observed that for similar Tc suppression, approaching the dirty limit due to the decreasing mean free 
path is about four times slower in YBCO compared to NdFeAs(O,F). Indeed in YBCO a Tc drop to 
25% of its pristine value corresponds to an  that is 2.4 times smaller than BCS. This indicates that 
disorder is much more effective in suppressing superconductivity in YBCO than in NdFeAs(O,F). 
From the data in Figure 6, we can also directly access the value of the mean free path by 
considering that, according to the expression BCS=0.18v*/KTc, the clean limit coherence lengths 
(ab 2.1 nm for both NdFeAs(O,F) and YBCO, see Table I) change as 1/Tc, as long as the 
electronic structure is not appreciably affected by disorder, and thus neither vF is. In Table III, we 
list the calculated mean free paths  for given Tc suppression values from Tc0. It turns out that for 
NdFeAs(O,F),  is suppressed down to 1.2 nm for Tc=0.25Tc0, while in YBCO,  is still as large as 
3.4 nm for the same Tc suppression. This confirms the larger effectiveness of disorder in 
suppressing superconductivity in YBCO than in NdFeAs(O,F). Incidentally, we note that the values 
for NdFeAs(O,F) are in agreement with those found using the Drude model to determine the mean 
free path Drude from resistivity and Hall effect measurements (Drude=1.5 nm for Tc=0.5Tc0 and 
Drude=1.2 nm for Tc=0.25Tc0, while for Tc=Tc0 Drude=6.9 nm).  
Hence this analysis evidences that disorder in pnictides allows to reach the dirty limit while not 
suppressing too much the critical temperature. This provides two beneficial effects, both important 
for applications, namely the increase of the upper critical field and the decrease the Hc2 anisotropy 
Hc2, as reported in figure 4. We note that the anisotropy is reduced, but not fully removed even 
down to the lowest Tc’s. This can be understood considering the Ginzburg-Landau length GL, 
whose values are reported in Table III. In the clean limit GL coincides with BCS, while in the dirty 
limit  BCSGL   . With decreasing Tc, given the huge reduction of the mean free path , GL is 
only weakly increased, thus so that the ratio GL/Hc2 does not largely exceediding the c-axis lattice 
parameters, that which is the ccondition necessary to remove the anisotropy. 
 
Table III: Values of BCS, mean free path  and GL in NdFeAs(O,F) and YBCO for different Tc suppression from Tc0, 
extracted from data in Figure 6. 
 
 NdFeAs(O,F) YBCO 
 BCS (nm)  (nm) GL (nm) BCS (nm)  (nm) GL (nm) 
Tc=Tc0 2.1 >>2.1 2.1 2.1 >>2.1 2.1 
Tc=0.5Tc0 4.2 1.8 2.8 4.2 5.1 4.6 
































































Figure 6: Hc2 slope normalized to the critical temperature and to its clean limit value versus Tc/Tc0, plotted for our -
particle irradiated NdFeAs(O,F) and for electron irradiated YBCO films taken from ref. 19. 
 
2. Analysis of Tc versus disorder 
2.a. Comparison between different superconductors  






21  just gives tr, which measures the 
effectiveness of disorder in carrying the system in dirty limit. This parameter tr also appears in eq. 
(6), which allows to evaluate the effectiveness of scattering as pair-breaking process. Therefore, we 



























tr . In Figure 7, we plot   10 cc TT  versus 
exp
tr , as indicated by eq. 
(8), for the same set of samples as in Figure 5. In the inset, it is clearly observed that in the low 
disorder regime, i.e. [(Tc0/Tc)-1]<0.2, all the curves are almost linear. Hence, according to eq. (8), 
from the linear slopes we can directly determine the numeric parameter , as defined by eq. (5), 
whose magnitude is proportional to the pair-breaking effectiveness of scattering. In Table IV, we 
report the extracted  values for the different superconductors. Similar values are obtained for 
conventional Nb3Sn and MgB2 and NdFeAs(O,F), while a much larger value is extracted for YBCO. 
From theory, the  value is expected to be vanishing in single band s-wave superconductors for 
non-magnetic scattering, and non-vanishing for d-wave superconductors and multiband s++ and s 
wave superconductors with interband scattering 24. The superconductors considered here belong to 
all the categories, being Nb3Sn s-wave single band, MgB2 s-wave two-band (s
++) and YBCO d-
wave; in the case of iron pnictides, two kind of symmetries (s++ and s) have been proposed. Our 
results show that for Nb3Sn, despite its single band s-wave nature,  is not negligible and 
comparable with two-band MgB2. The sensitivity of A15 compounds to impurities was explained 
by the smearing of the density of states caused by disorder 4545; while in MgB2 the main ingredient 
is the interband scattering between  and  bands, which causes the merging of the energy-gaps 24,57. 
Thus, the similar behavior of Nb3Sn and MgB2 with respect to impurity is probably a coincidence, 
as reported and discussed in ref. 58. The large  values obtained for YBCO is in agreement with 
expectation, given the odd symmetry of the order parameter in cuprate superconductors 77 . 
Quantitatively, NdFeAs(O,F) is closer to conventional superconductors than to YBCO. This finding 
is consistent with other experimental results in literature 78,79,80 which assess the robustness of Tc in 
Formattato: Apice 
iron based superconductors against disorder. This results should be discussed in terms of pairing 
symmetry. 
The s symmetry associated to interband interactions between hole and electron pockets mediated 
by spin fluctuations, which lead to a superconducting order parameter that changes sign over the 
Fermi surface sheets, is most often used to describe iron pnictides. The theoretical consequences are 
found to be consistent with most experiments that investigate the role of pair-breaking effect by 
impurities 46. Indeed, despite earlier experiments 78,81,82,83 claimed that the rate of Tc suppression by 
disorder was much slower than what predicted by the s scenario 84, later theoretical works dealing 
with multiband s superconductivity considered different types of impurity scattering potential 
(finite-ranged potential, different ratios of inter-band to intra-band contributions …) and 
demonstrated that results for the s± state are not inconsistent with experimental data. Remarkably, 
for s symmetry, intraband scattering does not suppress Tc (according to Anderson's theorem 
22), 
whereas interband scattering does, hence by adjusting the ratio of intraband to interband scattering, 
the experimental rate of Tc suppression is reproduced by theory 
34,85,86. The alternative s++ wave 
description proposed for iron pnictides, based on interband interactions mediated by charge 
fluctuations does not imply any sign reversal across Fermi surface sheets and should correspond to 
a small influence of pair-breaking by impurities on the superconductor properties 84, as observed in 
some experiments 87. 
 





































Figure 7: Tc0/Tc with unity offset plotted as a function of (dHc2/dT)/Tc normalized to its clean limit value and with unity 
offset as well, for our -particle irradiated NdFeAs(O,F), as compared electron irradiated YBCO films 19, -particle and 
neutron irradiated MgB2 films 39,48 and ion irradiated Nb3Sn films 49. In the inset, the linear behavior in the low (Tc0/Tc-




Table IV: Parameter , defined by eq. (5), which quantifies the pair-breaking effectiveness of scattering, extracted 
from data of Figure 7. 
Samples  parameter 
-particle irradiated NdFeAs(O,F) crystal 0.18 
electron irradiated YBCO films 2.2 
-particle and neutron irradiated MgB2 films 0.09 
ion irradiated Nb3Sn films 0.15 
 
 
2.b. Comparison between different routes to extract the pair-breaking parameter 



































        (12) 
On the other hand, the same pair-breaking parameter is usually extracted from residual resistivity 
data 19,46,37, once the scattering rate is obtained from either Hall effect data, first principle 
calculations or London penetration depth pd values 
78,82. The results of these three different routes 
differ by a factor 2-3 from one another in iron pnictides 78,82. Usually the latter route is preferred, as 
























       (13) 
where 0 is the vacuum magnetic permeability, 0 is the disorder-induced variation of the residual 
resistivity from its clean limit and the numeric factor keeps into account the value of the London 
penetration depth pd200 nm measured in pnictide compounds of different families 
88,89,90. In the 
main panel of Figure 8, we display the Tc/Tc0 versus g plot for a collection of literature data on 
irradiated pnictide superconductors. In all cases, the g values are extracted from resistivity data 
using the London penetration depth values. Clearly, the curves are spread over a wide range, as also 
evidenced in the review of ref. 46. This spread may be explained by the different compounds, 
different types of irradiations, different doping levels, different pristine Tc0’s, magnetic or non 
magnetic scattering. Regarding the latter issue, however, almost equal Tc suppression rates with 
magnetic (e.g. Mn substitution in the Fe site) and non-magnetic impurities are found experimentally 
91. In addition to the mentioned reasons for the observed spread, it is likely that in most cases also a 
correct estimation of 0 is affected by such factors as uncertainties in geometrical factors, grain 
boundary contributions and Kondo and localization mechanisms. This makes it worth considering 
alternative experimental probes of impurity scattering, for example the Hc2 slope.  
In the inset of Figure 8, the curve extracted in this work from the Hc2 slope analysis is directly 
compared with the Tc/Tc0 versus g plot obtained from the residual resistivity analysis carried out on 
the same sample, in ref. 37. The departure between the two curves is significant and may be 
explained by considering the limitations of both residual resistivity and Hc2 slope as experimental 
probes of disorder in multiband superconductors. The residual resistivity is determined by the 
parallel of the residual resistivities of the two bands and thus it mainly reflects the properties of the 
cleaner band, thus underestimating the introduced disorder. On the other hand, Hc2 reflects the 
properties of the band with the larger Hc2, which is the dirtier one. In this respect, the Hc2 slope 
appears to be a more reliable probe of the introduced disorder. Yet, as recalled in the previous 
section, only the disorder associated to interband scattering has a pair-breaking effect in multiband 
superconductors, while both the analyses of residual resistivity or Hc2 slope generally rely on a 
single scattering rate extracted from the experiment. Hence, it turns out that, with this simplifying 
assumption, both the analyses of resistivity and Hc2 slope can only provide qualitative plots of 
Tc/Tc0 versus g for any multiband superconductor. Noteworthy, the comparison of the Tc/Tc0 versus 
g plots obtained from the Hc2 slope and resistivity analyses has also been carried out in cuprates, 
which are free of multiband complications, and indeed the agreement was found to be satisfying 19. 
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Figure 8: Main panel: Tc/Tc0 versus pair-breaking factor g calculated by eq. (13) from residual resistivity data for the 
NdFeAs(O,F) sample of this work 37 and for other irradiated superconducting iron pnictides of literature, namely Au ion 
irradiated Au ion irradiared BaFe2(As,P)2 92, electron irradiated BaFe2(As,P)2 35, proton irradiated BaFe2(As,P)2 with 
different Tc’s 93, proton irradiated Ba(Fe1-xCox)2As2 with different doping levels 78, -particle irradiated Ba(Fe1-
xCox)2As2 with x=0.06 94, electron irradiated Ba(Fe1-xRux)2As2 with x=0.24 33, electron irradiated Ba1-xKxFe2As2 with 
different doping levels 82,95. Inset: comparison of the Tc/Tc0 versus pairbreaking factor g curve obtained in this work for 
the NdFeAs(O,F) sample from the Hc2 slope using eq. (12), with the same curve obtained from residual resistivity data 
using eq. (13) on the same sample 37.  
 
Conclusions 
We study the evolution of the upper critical field slope dHc2/dT in an increasingly disordered 
oxypnicide crystal, namely a NdFeAsO0.7F0.3 single crystal progressively irradiated with -particles, 
with the goal of visualizing the crossover to the clean to the dirty limit and gaining information on 
the pair-breaking effect of impurity scattering. The proposed phenomenological analysis of the Hc2 
slope, already applied to high-Tc cuprates 
19, relies on effective parameters, neglecting the 
multiband nature and the symmetry of the order parameter in NdFeAs(O,F). Such simplification is 
on one hand a limit, but on the other hand it circumvents the problem of a larger number of fitting 
multiband parameters, which would be undetermined by the available experimental data, just 
consisting of a set of linear slopes of Hc2 close to Tc. Moreover, this phenomenological effective 
approach - which fulfils the expected scaling for different superconducting compounds, of either 
conventional or unconventional character, both in clean and dirty regimes - can be used to compare 
directly the behaviour of such superconductors. 
Focusing on the configuration H||c-axis, from the reduced Hc2 slope normalized to its clean limit 
value, we extract the ratio of the coherence length to the mean free path BCS/ in our NdFeAs(O,F) 
crystal. For Tc reduced by a factor 4 from its pristine value, BCS/ becomes as large as 7 and  
reaches values of 1.8 nm. This suggests that in NdFeAs(O,F) the strongly dirty regime can be 
attained before superconductivity is completely suppressed. Remarkably, the approaching to the 
dirty limit resulting from the decreasing mean free path is about four times as slower in YBCO as 
compared to NdFeAs(O,F) for similar Tc suppression. Judging from further analyses of dHc2/dT 
data, the influence of scattering on pair-breaking is comparable in NdFeAs(O,F) and in 
conventional superconductors such as MgB2 and A15 compounds, but stronger in YBCO.  
Our phenomenological analysis is not adequate to make quantitative comparisons with theoretical 
models, in order to get information on the pairing symmetry in pnictides. Indeed, for multiband 
superconductors, extracting a single pair-breaking parameter from either resistivity data or Hc2 slope 
data does not allow to evaluate the interband component of the scattering rate, which is mostly 
responsible for the suppression of superconductivity. Yet, qualitative information obtained from our 
analysis is a powerful tool to compare the pair-breaking effect of disorder and the crossover from 
the clean to the dirty limit in superconductors of different nature. In this respect, it is desirable that 
more experimental Hc2 data on series of increasingly disordered superconducting samples, together 
with resistivity data, are made available in literature, to shed further light on the role of the multiple 
parameters into play. 
In conclusion, our analysis has reached the goal of assessing the effect of disorder on the 
superconducting properties of a NdFeAs(O,F) sample. Our findings show that in pnictides it is 
possible to introduce disorder that increases the upper critical fields, decreases the anisotropy and at 
the same time does not suppress too much the critical temperature. This feature, joined with the 
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